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Andreev interferometers, normal metal wires coupled to superconducting loops, display phase co-
herent changes as the magnetic flux through the superconducting loops is altered. Properties such
as the electronic and thermal conductance of these devices have been shown to oscillate symmetri-
cally about zero with a period equal to one superconducting flux quantum, Φo = h/2e. However,
the thermopower of these devices can oscillate symmetrically or antisymmetrically depending on
the geometry of the sample, a phenomenon not well understood theoretically. Here we report on
thermopower measurements of a double-loop Andreev interferometer where two Josephson currents
in the normal metal wire may be controlled independently. The amplitude and symmetries of the
observed thermopower oscillations may help to illuminate the unexplained dependence of oscillation
symmetry on sample geometry.
I. INTRODUCTION AND BACKGROUND
While studies of normal metal-superconductor (NS) heterostructures in the proximity regime have seen a great
progression of understanding over the past few decades due to improved fabrication and experimental techniques and
the success of the quasi-classical Usadel formulation, there remain several quantitative and qualitative mysteries that
have eluded explanation. One of these is the observed thermoelectric effects of a NS device known as an Andreev
interferometer, which consists of a superconducting loop which is completed by a section of a normal metal wire short
enough to be able to support a Josephson current. When a supercurrent is created in the section of the normal wire
by threading a flux through the superconducting ring, the electrical and thermal transport properties of the normal
wire have been shown to fluctuate with a period of one superconducting flux quantum, Φ0 = h/2e. As the electrical
and thermal conductance of the normal wire should be dependent, by arguments of symmetry, only on the magnitude
of the Josephson current and not on its direction, the oscillations of these quantities as a function of flux through the
superconducting ring will be symmetric, a prediction confirmed by experiment12. However, surprisingly, it has been
observed that the oscillations of the thermopower of the wire can be either symmetric or antisymmetric with flux
depending upon the geometry of the sample.
In the linear approximation of small voltage, ∆V , and temperature difference, ∆T , applied to a wire, the current
through the wire is given by3:
I = G∆V + η∆T (1)
In the usual case of an applied voltage the transport is dominated by the electrical conductance, G, but one may
observe the effect of the thermoelectric term η under the conditions that there is a temperature gradient and no
electrical current is allowed to flow. Under these conditions the thermal gradient will induce a voltage across the
wire and one can measure the thermopower, S ≡ ∆V/∆T = −η/G. It should be noted that since G oscillates
symmetrically with flux for Andreev interferometers, the symmetry of the thermopower with flux for these devices
will be determined by the thermoelectric coefficient η.
Measurements of the thermopower of Andreev interferometers initially focused on two types of geometries shown in
Fig. 1(a) and (b) known as the ‘house’ and ‘parallelogram’ geometry respectively4. In both cases a thermal gradient
is established along the normal metal wire and the induced voltage across the wire is measured as magnetic flux is
threaded through the superconducting ring. For the house geometry the Josephson current intersects the thermal
current traveling along the normal wire at a single point and symmetric thermopower oscillations are observed. For
the parallelogram geometry the Josephson current flows with the thermal current along a section of the normal wire
and antisymmetric thermopower oscillations are observed. Theoretical investigations using the Usadel formulation of
the BCS model of superconductivity have predicted the correct thermopower symmetry and reasonable thermopower
magnitudes for the parallelogram geometry7,8, while an understanding of the symmetric oscillations of the house
geometry remains elusive.
In order to illuminate the roles that the supercurrent path and thermal current path, along with associated quasi-
particle current and branch imbalance, play in determining the symmetry of the thermopower oscillations, our group
previously fabricated and measured a double-loop interferometer with each superconducting loop being completed
along the same section of normal metal wire (Fig. 1(c) & (d))5. As the flux through each loop could be controlled
independently, two different supercurrent configurations could be realized in the same device. Fig. 1(d) shows the
2FIG. 1: Schematics of sample geometries previously investigated for thermopower symmetry dependence. In all geometries a
horizontal normal wire (Au) is used to complete one or two superconducting (Al) loops. A temperature gradient is established
along the normal wire and a Josephson current may be sent along or across a section of the wire by threading a magnetic
flux through the superconducting loop(s) while the thermopower of the wire is measured. (a) The ‘house’ geometry, where the
Josephson current intersects the thermal gradient along the normal wire at a single point, displays symmetric oscillations in the
thermopower. (b) The ‘parallelogram’ geometry, where the Josephson current travels with the thermal gradient along a section
of the normal wire, displays antisymmetric oscillations. (c) The ‘in-phase’ current configuration for an in-line, double-loop
interferometer displays symmetric oscillations in the thermopower. (d) The ‘out-of-phase’ current configuration for the same
interferometer displays antisymmetric oscillations.
‘out-of-phase’ configuration where the supercurrents from each loop travel in the same direction along the thermal
gradient. This configuration leads to asymmetric thermopower oscillations, which is unsurprising since it is essen-
tially a doubling of the simple parallelogram geometry. The ‘in-phase’ configuration of Fig. 1(c) leads to symmetric
thermopower oscillations. However it is not clear whether this configuration should be interpreted as involving two
supercurrents traveling in opposite directions along the thermal gradient of the normal wire or whether the super-
currents should be seen as bypassing the central normal wire section and only intersecting the normal wire at two
points, effectively a doubling of the house geometry. To further clarify the supercurrent path we have fabricated and
measured a variation of this double-loop geometry shown in Fig. 2. In this device the loops are offset rather than
in-line so that the in-phase configuration results in supercurrents in opposite directions in the normal wire, but avoids
the potential for supercurrent not flowing at all along the thermal gradient, as was possible in the previous device, by
sending the opposing supercurrents through adjacent sections of the normal wire.
II. SAMPLE FABRICATION AND MEASUREMENT
The device, shown schematically in Fig. 2, with a scanning electron micrograph of the NS intersections shown in
Fig. 3(a), was fabricated by multi-level e-beam lithography on a SiO2/Si substrate. The normal metal (50 nm of
99.999% pure Au) was deposited first using an e-gun evaporator followed by the superconducting layer (80 nm of
99.999% pure Al). An in situ Ar+ plasma etch was performed prior to the second deposition to ensure clean contacts
between the two layers. Four-terminal measurements of the sample were made in an Oxford dilution refrigerator using
a lock-in amplifier and modified Adler-Jackson resistance bridge. At 20 mK the resistivity of the Au was measured
to be ρAu = 2.1 µΩ·cm. Using the textbook values
3 for the Fermi velocity and electronic mean free path-resistivity
product for Au, vf = 1.4 × 10
8 cm/sec and le ρAu = 8.3 µΩ·cm
2, we calculate an Au diffusion constant of D = 187
3FIG. 2: Schematic of the offset double-loop sample measured. Current is sent through a gold heater line running vertically
through the center of the sample. This wire creates a thermal gradient from the center of the sample across the horizontal,
normal (Au) wires at left and right to the two cold reservoirs at the far ends. The horizontal wire on the left is a control wire.
The wire on the right is attached to two offset superconducting (Al) loops to form an Andreev interferometer. Supercurrents
are established in these two loops by threading a local magnetic flux, Φ, through them. The flux through each loop may be
controlled independently using two on-chip field coils. Typically the magnitude of the flux through each loop is made identical,
though the polarity may be reversed. If the established supercurrents circulate in the same direction (e.g. both clockwise)
the measurement is said to be ‘in-phase’, if they circulate in the opposite direction they are ‘out-of-phase’. The symmetry
and relative amplitude of the thermopower oscillations as a function of flux through the loops are measured using the second
derivative technique of Ref.9.
cm2/sec for our sample.
A wide Au heater line controlled by Joule heating that runs through the center of the sample establishes a temper-
ature gradient with two cool reservoirs at either end which are maintained at the mixing chamber temperature. The
gradient runs along the offset double-loop Andreev interferometer on the right side and along a plain normal wire of
equal length on the left. The flux through the two interferometer loops may be controlled independently by sending
a DC current through two on-chip field coils. While resistance measurements of the sample are made directly, the
thermopower measurements are made using the second derivative technique described in Ref.9. A 2 µV, 42 Hz signal
is sent along the heater line and the voltage between the two cool reservoirs is measured using a lock-in amplifier set
at 84 Hz. This voltage does not give us a quantitative measurement of the thermopower, since the temperature is not
directly measured, but it does provide information about the thermopower’s symmetry and relative amplitude.
III. EXPERIMENTAL RESULTS
As mentioned above, the thermopower of the interferometer is measured using identical fluxes through the two
superconducting loops with two different polarities. For the in-phase configuration, shown schematically in Fig. 3(c),
the supercurrent circulates in the same direction (e.g. clockwise) in both loops, leading to equal and opposite Josephson
currents along adjacent sections of the normal wire. In the analogous configuration for the device measured in Ref.5,
4FIG. 3: (a) Colorized scanning electron micrograph of the section of the sample where the two superconducting loops are
completed along the normal metal wire. On the left side is the wide heater line used to establish a thermal gradient. The size
bar is 1 µm. (b) Schematic of the supercurrent path along the normal wire for the ‘out-of-phase’ configuration. (c) Schematic
of the ‘in-phase’ configuration.
where the Josephson currents could travel along the same section, symmetric thermopower oscillations were seen.
Here, robust antisymmetric oscillations are seen (Fig. 4). Two remarks should be made: First, these antisymmetric
oscillations for the offset loop, consistent with the parallelogram configuration, indicate that the symmetric oscillations
of the in-line loops were likely due to the supercurrent intersecting the thermal gradient at two points on the normal
wire, rather than supercurrents traveling on opposite paths along the thermal gradient. Second, though one might
expect from considerations of the single parallelogram interferometer geometry that the effect of two parallelograms
with Josephson currents traveling in opposite directions along the normal wire would result in zero net change to the
thermopower, this appears not to be the case. While it is possible that the lack of cancellation is due to different
fields from the two field coils or different couplings to the normal wire at the NS interfaces, these concerns can be
addressed by examining the resistance oscillations of the interferometer for each superconducting loop individually.
The fact that the period of oscillations measured in field coil current is the same indicates the coils are identical, while
the amplitude of the resistance oscillations due to the top loop are ∼ 35% larger than those due to the bottom one,
suggesting a modest asymmetry in the NS coupling of the two loops. Though it may be the case that this asymmetry
accounts for the lack thermopower cancellation, the results of the out-of-phase thermopower measurements make this
explanation unlikely.
The out-of-phase configuration, with Josephson currents traveling in the same direction along two different normal
sections (Fig. 3(b)), also displays antisymmetric oscillations (Fig. 4), consistent with its appearance as a double
parallelogram geometry. However, the amplitude of these oscillations is over four times smaller than those measured
using the in-phase configuration. The comparative size of the two oscillations lends credence to the notion that the
in-phase oscillations are not due merely to the NS interface asymmetry of the two loops. The small relative size is
possibly caused by the temperature dependence of the thermopower amplitude. Previous experimental and theoretical
work on Andreev interferometers7,8 has shown that the thermopower oscillations peak at a temperature on the order
of the Thouless energy, ET = ~D/L
2, where L is the relevant length of the sample. For L = 1 µm, the distance
between NS interfaces for a single superconducting loop, Ec = 140 mK. As shown in Fig. 5 the in-phase thermopower
oscillations are still reaching their peak at T = 20 mK; the out-of-phase oscillations also monotonically increase with
decreasing temperature. Since the two Josephson currents of the in-phase configuration pass along two 1 µm normal
wire sections, while the Josephson current of the out-of-phase configuration passes along a 2 µm normal wire section,
it may be the case that the Thouless energy and the thermopower peak in temperature are reduced by a factor of
four for the out-of-phase configuration, resulting in smaller thermopower oscillations than the in-phase configuration
at the same temperature.
5FIG. 4: Thermopower oscillations of the offset double-loop Andreev interferometer at T = 20 mK as a function of flux
for the out-of-phase (solid line) and in-phase (dashed line) configurations of Fig. 3. The flux is measured in units of the
superconducting flux quantum Φo = h/2e. While both configurations are antisymmetric, the thermopower oscillations for
the in-phase configuration are over four times larger than those of the out-of-phase configuration. The dotted curve shows
the resistance of the Andreev interferometer for the in-phase configuration. Whether measured in this configuration, the
out-of-phase configuration, or varying the flux through only one loop, the resistance oscillations are always symmetric.
IV. CONCLUSION
We have fabricated and measured a double-loop Andreev interferometer that enables Josephson currents to travel
along adjacent sections of a normal metal wire in the same or the opposite direction. The symmetry and amplitude of
thermopower oscillations observed in this device lead us to believe that symmetric thermopower oscillations observed
in previously measured devices5 were due to single point intersections of supercurrent and thermal current in the
normal wire, and that antisymmetric thermopower oscillations result from supercurrent and thermal current traveling
along the same path. Furthermore, we have noted that the cumulative effect on the thermopower of two offset
parallelogram Andreev interferometers operating in-phase does not appear to be equal to the simple cancellation of
the effect of one interferometer by the other.
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